Abstract-For the first time, epilayers with an arsenic-doped spike of 50 nm width have been grown and used in silicon bipolar junction transistors (BJTs). The epilayer has been optimized such that the collector-base junction of the BJT is formed within the arsenic spike. The counterdoping of boron out-diffusion by arsenic strongly reduces the basewidth. The portion of the spike that is not counterdoped increases the total amount of n-type doping in the collector without reducing ceo . The increased collector-doping allows a 60% higher collector current prior to T fall-off. Arsenic has a low diffusivity so very few constraints are put on the thermal budget of the final process. This high flexibility makes the presented epilayer technology a promising candidate to enhance a bipolar process significantly.
I. INTRODUCTION

I
N A bipolar process, boron will diffuse during the annealing process that is needed to repair implantation damage and to activate dopants. Boron diffuses quite rapidly so the anneal conditions generally determine the basewidth, which is an important parameter for the high-frequency performance of the transistor (BJT).
A new method to reduce the basewidth is demonstrated with fully implanted bipolar transistors [1] . We have grown an n-type spike in the epilayer which counterdopes the out-diffused boron. The spike is fabricated with a novel epitaxial process in which arsenic autodoping is strongly suppressed [2] . With this process 50 nm wide arsenic spikes with a doping concentration varying from 10 to 2 10 cm are made and the thickness of the layer grown on top of the spike (top-layer) is controlled very accurately. Contrary to boron, the arsenic in the spike will not diffuse much during the anneal. With the right top-layer thickness, the spike is placed exactly at the collector-base junction. Counterdoping of out-diffused boron by the arsenic spike reduces the basewidth to approximately 60 nm.
A similar approach has been presented by Heinemann et al. [3] and Visser et al. [4] where (transient-enhanced) boron out-diffusion in SiGe BJTs is counterdoped with a phosphorus spike. Phosphorus is very sensitive to (transient-enhanced) diffusion, therefore these spikes can only be used in a low-temperature (700 C) process.
Our work presents an arsenic spike which offers more flexibility because arsenic has a much lower diffusivity than phosphorus. The spike can be used in processes with a conventional 950 C thermal anneal or a process that suffers from transientenhanced diffusion of boron.
The n-type doping in the spike is not completely counterdoped by boron which leaves a thin highly doped ( cm ) layer in the collector, adjacent to the collector-base junction. Palestri et al. [5] have studied such a "launcher-layer" theoretically. They predict an unchanged breakdown voltage (
) and an increased cutoff frequency for devices with such a layer. Two effects explain the improvement.
• The high doping in the spike will not decrease due to the nonlocal avalanche effect. The spike is only 50 nm wide and placed exactly at the collector-base junction, which results in a very thin high-field region. The integral amount of doping in the spike is kept sufficiently low ( 5 10 cm ) that electrons and holes crossing the highfield region do not gain enough energy to cause impact ionization [6] , [7] .
• As the spike introduces more doping in the collector, the Kirk effect will be delayed [8] . Both the basewidth reduction and delay of the Kirk effect will increase the maximum cutoff frequency ( ). Heinemann et al. [3] and Schüppen et al. [9] have observed these advantages in experimental SiGe devices. Their devices were fabricated by using molecular beam epitaxy (MBE). Our work shows that an arsenic-doped spike that is fabricated with CVD epitaxy can also be used. The arsenic spike also increases without a significant reduction in .
II. EXPERIMENTAL DEVICES
A. Device Fabrication
Recent developments in CVD epitaxy allow extremely thin arsenic-doped silicon layers to be grown. The major feature is that the well-known autodoping, related to arsenic, has been suppressed. The process is briefly described in Section II-B and a more detailed description is given in [2] .
With this new process, several epilayers with a 50 nm wide arsenic spike have been fabricated. The maximum arsenic doping concentration in the spike and the thickness of the top-layer are chosen such that the spike lies at the base-collector junction which is formed in later processing. Epilayers without a spike have been included in the experiment for comparison.
In all the epilayers, devices are fabricated that are based on the DIMES-03 process [1] , which is a fully implanted, low complexity, bipolar process. For these experiments the process is slightly changed; 0.4 m of silicon has been removed outside the base-regions with a shallow-trench etch. This etch removes the arsenic spike where it is not needed and prevents a premature breakdown of the junction isolation around the device.
A secondary ion mass spectroscopy (SIMS) measurement 1 performed on a device with a spike is shown in Fig. 1 . This figure shows that a lot of boron is neutralized by the spike, so the basewidth is strongly reduced. To measure the basewidth, the As SIMS profile has been measured with a low energy to get sufficient depth resolution. The basewidth is estimated to be 60 nm.
At the collector-side adjacent to the collector-base junction, an increased net n-type doping remains. Although this portion of the collector doping is located in a very thin layer the spike contains at least 10 atoms cm , a factor two more than a collector without a spike ( 5 10 atoms cm ).
The DIMES-03 process also includes an optional pedestal collector. This is a collector with increased doping ( cm ) which is implanted in the epilayer under the emitter. Devices with a pedestal collector have a better high-frequency performance and a lower breakdown voltage. These devices allow evaluation of the special epilayers at another point on the versus curve. Fig. 2 shows a schematic cross-section of the device, the shallow-trench, spike and pedestal collector are indicated. 1 SIMS is performed by Evans Europa, Uxbridge, UK. 
B. Epilayers With an Arsenic Spike
All the epilayers are grown with a commercially available, lamp-heated, single wafer reactor (ASM Epsilon One). It is suitable for low-temperature AP-CVD epitaxy.
An arsenic-doped spike is grown in the epilayer. The asgrown SIMS profile of such a spike is shown in Fig. 3 . The spike itself is grown at 700 C and atmospheric pressure. This low temperature allows a maximum As concentration up to 2 10 cm . After the spike is grown, excess As surface-coverage is removed from the wafer with a hydrogen bake. When this step is omitted, strong autodoping will be present in the top-layer. The top-layer is grown at 950 C and reduced pressure (60 torr). More details about this process are given in [2] .
Both the maximum arsenic concentration in the spike and the thickness of the top-layer have been varied. The maximum arsenic concentration in the spike increases with an increasing deposition time of the spike. Three deposition times are used: 1.5, 2 and 2.5 min, resulting in a maximum As concentration of 2.5 10 , 7 10 and 2 10 cm , respectively. The top-layer thickness has been varied with three thicknesses of: 225, 275, and 325 nm.
The different epilayers have been characterized with capacitance voltage (C-V) measurements. From these measurements a doping profile has been calculated. 2 Fig. 4 shows the calcu- lated doping profiles for three different spike deposition times with a 275 nm top layer resulting in spike-concentrations of 1.7 10 , 5 10 and 1.25 10 cm . The profiles shown in this figure are not as-grown but have been measured after being subjected to the total thermal budget of the device processing.
III. RESULTS AND DISCUSSION
A. Collector-Base Capacitance
The collector-base capacitance ( ) versus voltage ( ) has been measured on devices with a large 40 20 m emitter area, the larger area allows more accurate measurements. Fig. 5 shows the C-V curve of the collector-base capacitance for three devices with different deposition times of the spike. A measurement on a reference device without a spike is also included in the graph. This figure shows that at V ( ) increases when the deposition time of the spike increases. This increase of is due to a reduced depletion-layer width. A thinner depletion layer implies a higher doping concentration at the collector side of the metallurgic collector-base junction. So the increasing shows that the collector-base junction is formed within the arsenic spike. 
When
is increased, the spike will be fully depleted. Once the spike is depleted, it takes only a small increase of to extend the depletion layer all the way to the buried-layer. With a fully depleted collector, of the reference device and a device with a spike are equal. Fig. 5 shows that the spike is depleted at voltages exceeding 1 V. The slope of the C-V curves at higher increases for a longer spike deposition time. Two effects increase the slope: reduction of the net base doping due to increased counterdoping by arsenic and a significant increase of the total amount of doping in the collector. The latter causes the collectorbase depletion region to end in a lower doping concentration at the buried layer side. This results in a slightly higher capacitance variation. The reduction of net base-doping can be compensated for by using a higher implanted boron dose for the base.
A device with a 2.5 min spike deposition time breaks down before the spike can be depleted. The integral amount of doping in the spike (1.25 10 cm ) is too high to benefit from the nonlocal avalanche effect. The high electric field that results from the high doping concentration causes the voltage drop across the depleted spike to exceed a critical value. Electrons and holes crossing the high-field region are accelerated above the impact ionization threshold ( eV). The extrapolation in Fig. 5 shows that the 2.5 min spike is fully depleted when is higher than . Fig. 6 shows the C-V curve for devices with different toplayer thicknesses on a 2 min spike. Three thicknesses have been used: 225, 275, and 325 nm. For an increasing top-layer thickness, increases. This indicates that there is more doping at the collector-base junction when the thickness of the top-layer is increased. The curve for the 325 nm top-layer shows a decreasing gradient at 1 V which increases again around 2 V. This shows that as is increased the doping level at the collector-side depletion-boundary increases first and then decreases again. From this we can conclude that for the 325 nm top-layer, the base-collector junction is formed outside the maximum of the spike.
B. DC Measurements
From the C-V measurements described in Section III-A, it becomes clear that some boron in the base is neutralized by the ar- senic spike. To quantify how much boron is neutralized, we have compared the DC current gain ( ) of the different devices. The DC current gain is determined by the base Gummel-number ( ) and the emitter Gummel-number (
). The base current at V is nearly identical for all devices ( %), indicating that they all have the same . Therefore, a change in results in a proportional change in . The relative difference between of the transistor with a spike and a device without a spike is calculated by comparing their . Table I shows the average and relative difference in for devices with varying spike doping and top-layer thicknesses. Two boron doses are used, a low and high dose, which result in a for devices without spike and with a layer, respectively. The relative change in shows that a higher doping in the spike strongly decreases . A thinner top-layer shifts the spike into the base, which also decreases . The decreased can easily be compensated with a higher implanted boron dose in the base. But if there is too much n-type doping left in the collector, the breakdown voltage ( ) is decreased. Two devices with a spike have a similar to the reference device ( V). A device with layer is very attractive. It combines a high arsenic concentration in the spike with a minor change in . A doping profile of this device is given in Fig. 1 Fig . 7 shows the output curves for devices with a pedestal collector. Devices with and without a spike are compared. Both devices have an emitter area of 20 1 m . The devices have a compensated boron dose resulting in a comparable for both devices. For these devices, there is no significant change in Early voltage or . Devices without a pedestal collector show a significant decrease in Early voltage when a spike is used due to the increased collector-doping resulting from the spike.
C. High-Frequency Measurements
The high-frequency performance of the reference device and the device with a spike (layer ) is compared (both are marked with in Table I ). The measured versus collector current and voltage ( and ) is shown for both devices in Fig. 8 . This figure shows that the maximum for the device with a spike is reached at a much higher , indicating that Table I ) are shown (20 2 1 m emitter area).
Between each trace the base current is increased by 10 A. fall-off due to the Kirk effect is postponed due to the higher doped spike. With a spike, the current density is increased by about 60%.
To investigate the increase of , the emitter-collector transit time (
) is plotted against in Fig. 9 . In a plot like this, the contribution of depletion capacitance ( ) to can be separated from that of the neutral storage capacitance. From comparison of the slope of of both devices in Fig. 9 , we can conclude that ( ) is larger for the device with a spike. From Section III-A, we know that at V is equal for both devices so is larger for the transistor with a spike. This is the result of a higher doping concentration in the base due to the compensated implantation dose.
The neutral transit time ( ) is found by extrapolating the linear part in Fig. 9 . The point where the extrapolation intersects
gives . This figure shows that it is reduced by 1 ps when a spike is used. The reduction is caused by two effects: the smaller basewidth decreases the base transit time ( ), and secondly, the acceptor concentration in the base has been increased to compensate counterdoping of the spike. This reduces the level of injection at the emitter-base junction, and consequently, the charge storage associated with it. Equation (1) gives as a function of basewidth ( ) and electron diffusion coefficient ). was determined from device simulations of the profile given in Fig. 1 , and a modified version without the spike and a lower acceptor concentration in the base. The emitter and base Gummel number are approximately equal for both profiles. From these simulations, it was found that the effective , corrected for depletion induced by , is roughly reduced from 60 to 30 nm by the spike. In accordance with (1), this corresponds to 0.4 ps. The remaining transit-time reduction is attributed to the increased acceptor concentration in the base (1) The reduction relative to is small so the higher current density is mainly responsible for the increased in the device with a spike.
D. High-Frequency Measurements on Devices With a Pedestal Collector
Devices with a pedestal collector are fabricated in the same epilayers as those presented in the previous section. Phosphorus has been implanted in the epilayer under the emitter, before the deposition of the spike and top-layer. The implanted phosphorus forms the pedestal collector which also neutralizes some boron in the base. The implanted boron dose in the base of both devices has been chosen such that devices with or without a spike have a comparable of 103 and 91, respectively. For both devices is reduced to 3 V by the high doping-level in the pedestal collector ( cm ). Fig. 10 shows the measured for two devices with a pedestal collector. This figure shows that for devices with a pedestal collector, the current density where the maximum is reached is slightly higher for the device with a spike.
The devices without a pedestal collector discussed in the previous section show a relatively small decrease of when a spike is added to the epilayer. In these devices, the collector transit time [ ps, where is the saturated drift velocity for electrons in Si] represents a large portion of . The collector is proportional to the width of the collector depletion-layer , which is reduced in devices with a pedestal collector due to the high collector doping. Fig. 11 shows versus for the devices with a pedestal collector. The figure shows that when a pedestal collector is used, the spike also reduces by 1 ps. With the collector storage practically eliminated, 1 ps reduction of has more effect. Moreover, pedestal collector devices show an equal or better performance for the full range of collector-base voltages when a spike is used, which shows that the improvement does not diminish at low .
IV. CONCLUSIONS
This work shows the successful fabrication of silicon bipolar transistors with a very thin arsenic-doped epitaxial layer ("spike") at the collector-base junction. The epitaxial layers are fabricated with a commercially available AP-CVD reactor. The process is compatible with many bipolar processes, because the low diffusivity of arsenic allows very relaxed constraints on the thermal budget during further device fabrication. The low transient-enhanced diffusion of As makes these layers a promising candidate for compensation of boron out-diffusion in SiGe transistors.
With very few modifications, the epilayers could be implemented in a standard bipolar process. These devices were used to demonstrate experimentally that devices with a spike have an improved high-frequency performance, resulting from a reduced basewidth, a higher acceptor concentration in the base, and a delay of the Kirk effect.
The basewidth is reduced by boron counterdoping in the arsenic spike. For all devices, a 1 ps reduction of the neutral transit time was observed. According to device simulations, the basewidth reduction and the increased doping concentration in the base contribute equally to this. The resulting improvement of high-frequency performance is more pronounced in devices with a relatively large contribution of the emitter-base region to the neutral transit-time: devices that combining a low with a high .
The Kirk effect is delayed because a high concentration of n-type doping remains in the spike, which increases the total amount of doping in the collector. This allows a 60% higher current density before high-current effects reduce . With a uniformly doped collector such an increase in current density can only be achieved if the breakdown voltage is compromised.
